The nucleotide sequences of the small (S) genomic RNAs of six California (CAL) serogroup bunyaviruses (Bunyaviridae: genus Bunyavirus) were determined. The S RNAs of two California encephalitis virus strains, two Jamestown Canyon virus strains, Jerry Slough virus, Melao virus, Keystone virus and Trivittatus virus contained the overlapping nucleocapsid (N) and nonstructural (NSs) protein open reading frames (ORFs) as described previously for the S RNAs of other CAL serogroup viruses. All N protein ORFs were 708 nucleotides in length and encoded a putative 235 amino acid gene product. The NSs ORFs were found to be of two lengths, 279 and 294 nucleotides, which potentially encode 92 and 97 amino acid proteins, respectively. The complementary termini and a purine-rich sequence in the 3' non-coding region (genome-complementary sense) were highly conserved amongst CAL serogroup bunyavirus S RNAs. Phylogenetic analyses of N ORF sequences indicate that the CAL serogroup bunyaviruses can be divided into three monophyletic lineages corresponding to three of the complexes previously derived by serological classification. The truncated version of the NSs protein, which is found in five CAL serogroup bunyaviruses, appears to have arisen twice during virus evolution.
Introduction
Members of the genus Bunyavirus, family Bunyaviridae, are enveloped viruses with a genome consisting of three ssRNA segments of negative polarity designated L (large), M (middle) and S (small) (Elliott, 1990) . The L RNA encodes the L protein (Elliott, 1989a; Endres et al., 1989) which has been demonstrated to have replicase and transcriptase activities (Jin & Elliott, 1991 . The envelope glycoproteins, G1 and G2, and a non-are associated with arbovirus encephalitis in North America (LeDuc, 1987) . In Europe, Tahyna and Inkoo viruses cause influenza-like and febrile illnesses, respectively (Grimstad, 1988; LeDuc, 1987) . The ecology, genetics and antigenic relationships of CAL serogroup bunyaviruses have been the subjects of extensive study (for reviews see Bishop & Shope, 1979; Calisher & Thompson, 1983; Bishop & Beaty, 1988; Calisher & Karabatsos, 1988; Beaty & Calisher, 1991; Kingsford, 1991) .
Classification of CAL serogroup viruses is based upon antigenic relationships determined by serological assays such as plaque reduction neutralization (PRNT), hemagglutination-inhibition (HI), radioimmunoprecipitation, complement fixation (CF) and immunodiffusion (Bishop, 1985; Calisher & Karabatsos, 1988) . The categorical terms complex, virus, subtype and variety hierarchically describe the degree of antigenic relatedness of different viruses with an increase in the level of antigenic similarity as one moves from complex to variety (Bishop & Shope, 1979) . Guaroa (GRO) virus is grouped with the CAL serogroup viruses by PRNT and HI assay, which recognize the degree of shared epitopes on the envelope glycoproteins, but is placed in the Bunyamwera (BUN) serogroup by CF test, which recognizes epitopes on the more highly conserved N protein (Whitman & Shope, 1962) . Sequence determination of the GRO S RNA has shown that the GRO N protein shares greater identity with BUN serogroup viruses (Bowen, 1993; Dunn et al., 1994) , suggesting that GRO virus may be the product of a reassortment event between ancestral CAL and BUN serogroup viruses.
Given the public health importance of CAL serogroup bunyaviruses and the degree to which other aspects of their biology have been studied, surprisingly little genomic sequence data are available for viruses in this group. To date, only the S, M and partial L sequences of SSH and LAC viruses (Obijeski et al., 1980; Clerx-van Haaster & Bishop, 1980; Clerx-van Haaster et al., 1982; Bishop et al., 1982; Akashi & Bishop, 1983; Cabradilla et al., 1983; Eshita & Bishop, 1984; Grady et al., 1987; Hacker et at., 1990) and the S RNA sequences of GRO and Lumbo (LUM) viruses (Dunn et al., 1994) have been reported.
Comparative analysis of nucleic acid and protein sequences has become the primary method for determining virus relationships and examining virus evolution Application of these methods to the study of CAL serogroup bunyaviruses has been precluded by the relative lack of genomic sequence data. The purpose of this study was to determine the S RNA sequences of selected CAL serogroup bunyavirus isolates and then to use these data and previously determined S RNA sequences for comparative phylogenetic analyses.
Methods
Viruses and preparation of virus RNA. The histories of virus strains used in this study are described in Table 1 . Monolayers of Vero cells cultured in Eagle's MEM with 5% Controlled Process Serum Replacement 5 (Sigma) were infected at an input multiplicity of 1 p.f.u./cell. Cultures were incubated for 8 to 15 h, then the cells were collected, washed with PBS and pelleted. Virus nucleocapsid RNAs were purified from infected Veto cells using the method of Giorgi et al. (1991) or RNA was isolated directly from infected Vero cell pellets by acid guanidinium thiocyanate-phenol~hloroform extraction (Chomczynsky & Sacchi, 1987) .
cDNA o'nthesis us#tg polyaden.vlated nucleocapsid RNA. Initial attempts to prime first strand eDNA synthesis of JC-DAV28 S RNA using an oligonucleotide primer complementary to the 15 nucleotides at the 3' end of LAC and SSH S RNA sequences were unsuccessful; therefore JC-DAV28 S RNA was polyadenylated and annealed to oligo(dT) primers to initiate eDNA synthesis. Virus nucleocapsid RNA was fractionated on a 1% agarose gel in TAE buffer (40mM-Tris-acetate, 1 mM-EDTA). The S RNA band was stained with ethidium bromide, excised from the gel and extracted from the gel slice using an RNaid kit (Bio 101). The purified S RNA was polyadenylated using poly(A) polymerase and then annealed to a phosphorylated oligo(dT)x~ primer, cDNA synthesis was carried out using the method of Gubler & Hoffman (1983) . The resulting double-stranded cDNA was blunt-ended with the Klenow fragment of DNA polymerase I, sizefractionated using Quick spin columns (Boehringer Mannheim) and ligated to Sinai-digested, dephosphorylated pBluescript II KS(+) (Stratagene) for transformation of DH5~ F' Eseherichia co# (Sambrook et al., 1989) . Virus genome clones were identified initially by colony hybridization (Buluwela et al., 1989) using a virus genomic probe prepared by end-labelling hydrolysed nucleocapsid RNA (Rezaian et al., 1983) . S RNA clones were identified by Northern blot hybridization (Sambrook et al., 1989) of cDNA clones to nucleocapsid S RNA.
eDNA synthesis using S RNA sequence-specific primers. After determination of the JC-DAV28 S RNA sequence from clones obtained by polyadenylation of nucleocapsid S RNA, specific oligonucleotide primers based on JC/LAC/SSH S RNA consensus sequences were synthesized and used to prime first strand eDNA synthesis. Prior to cDNA synthesis, unfractionated nucleocapsid RNA was denatured in 10 mM-methylmercury hydroxide (CH3HgOH) for 10 min at room temperature, cDNA synthesis was carried out as described for oligo(dT) priming except that phosphorylated oligonucleotide primer 28C (5' AGTAGTGTACTCCACTTGAATACTTTGA 3') or 283C (5' GATGTCGCATCCACAGGTGC 3') was used to prime eDNA synthesis. Clones were identified by Southern blot hybridization using a nick-translated probe (Sambrook et al., 1989) prepared from clones obtained by oligo(dT) priming.
Chain termination sequencing of plasmid DNA. Plasmids used as templates for double-stranded sequencing were purified and denatured using the protocol of Kraft et al. (1988) . Chain termination sequencing was carried out using a Sequenase version 2.0 sequencing kit (USB). Compressions were resolved using the dlTP reagents included in the Sequenase kit or by following the Sequenase termination reactions with a terminal deoxynucleotidyl transferase (TdT)/dNTP chase (Fawcett & Bartlett, 1990) . Nucleotide sequence was determined from at least two independent clones. PCR amplification of S RNA cDNAs. After S RNA-specific oligonucleotide primers were constructed using sequences derived from cloned cDNAs, bunyavirus S RNA sequences were obtained primarily from PCR products, After denaturation of the RNA with CH3HgOtt, S RNA cDNAs were reverse transcribed using primer 28C and avian myeloblastosis virus reverse transcriptase (Sambrook et al., 1989) . PCR amplification was carried out using 5 to 10 % of the cDNA suspension in a 100 tal reaction containing 10 mM-Tris-HCl pH 8.3, 50 mM-KC1, 3 mM-MgCI 2, 0.05 % Tween 20, 0.01% gelatin, 200 pmol of primer 28C or 100 pmol each of primer 283C and primer 282V (5' TCCCCTACC-ACCCACCCATT 3"), 0.5 mM-dATP, 0-5 mM-dCTP, 0.5 mM-dGTP, 0-5 mM-dTTP and 2.5 units of Taq polymerase. The reaction was overlayed with light mineral oil, heated for 5 min at 95 °C and then subjected to 36 amplification cycles consisting of 1 min at 95 °C, 1 min at 55 °C and 2 min at 72 °C on a PTC-100 programmable thermal controller (MJ Research). PCR products were separated by electrophoresis on 1% agarose gel in TAE buffer, stained with EtBr and purified from gel slices using a Sephaglas BandPrep kit (Pharmacia). PCR amplification of S RNA cDNAs corresponding to full length CAL serogroup bunyavirus S RNAs was achieved for all viruses using primer 28C alone if 10 % DMSO was included in the PCR reaction.
Sequencing of PCR products'. Gel-purified PCR products were amplified asymmetrically (Gyllensten & Erlich. 1988 ) using primers 283C and 282V. Excess primers and nucleotides were separated from the PCR products by filtration through Ultrafree-MC 30000 NMWL filter units (Millipore). The PCR products were eluted from the filter in deionized water and sequenced using a Sequenase version 2.0 sequencing kit.
To obtain the sequences of regions not asymmetrically amplified, gelpurified double-stranded PCR products were sequenced directly using Sequenase in the presence of 10% DMSO (Winship, 1989) .
If the nucleotide sequence could not be obtained directly, the PCR products were blunt ended with the Klenow fragment, phosphorylated with T4 polynucleotide kinase, gel-purified as described previously and then cloned into SmaI-digested, dephosphorylated pBluescript II KS(+). Cloned PCR products were screened by Southern blot as described previously using a nick-translated probe prepared from a cDNA clone containing sequence found in the PCR-amplified areas. Positive PCR clones were purified and sequenced as described previously. Sequences were determined from a minimum of three PCR clones.
S RNA terminal sequence analyses. To determine sequences at the 3' and 5' end of each S RNA, two first strand cDNA reactions were carried out using nucleocapsid RNA or total cellular RNA from infected Vero cells. One reaction utilized primer 28C or 283C which annealed to the genomic sense virus RNA and produced virus genomecomplementary sense cDNAs; the second reaction employed primer 282V that annealed to the antigenomic RNA species present in nucleocapsid RNA preparations (Raju & Kolakofsky, 1986) and produced virus genomic-sense cDNAs, cDNAs were then poly(G)-tailed with TdT (Loh et al., 1989) and PCR amplification was carried out as described previously using primer 700C (5' GTCGAGCAGCT-TAAATGG 3') for virus genome-complementary sense cDNAs or, for virus genomic sense cDNAs, primer 575R (5' TGGGGATCCATCAT-ACCA 3'), 500R (5' AACATTTCTGTTCCTGGAAAGAA 3') or 350R (5' TGGATGGTAAGATCGTTGTT Y) and primer 5ED (5' GGGAATTCCCCCCCCC 3'), which annealed to poly(G) tails. The annealing temperature in the cycling program was lowered to 42 °C or 36 °C in some reactions. PCR products were then blunt-ended, gel-purified, cloned and sequenced as described previously.
Sequence andphylogenetic analyses. Sequence analysis was performed using IntelliGenetics Suite software, release 5.4 (IntelliGenetics). S RNA sequences were deposited into the GenBank sequence database and accession numbers are given in Table 2 along with the accession numbers and references for other CAL serogroup virus S RNA sequences that were retrieved from the GenBank sequence database. The GenBank accession numbers and references for Simbu and BUN serogroup S RNA sequences used in phylogenetic analyses are: Aino, M22011 (Akashi et al., 1984) ; BUN, D00379 (Elliott, 1989b) : Germiston (GER), M19420 (Gerbaud et al., 1987) ; Maguari (MAG), D00380 (Elliott & McGregor, 1989) ; Batai (BAT), X73464; Cache Valley (CV), X73465; GRO, X73466; Kairi (KRI), X73467; Main Drain (MD), X73469 and Northway (NOR), X73470 (Dunn et al., 1994) .
Multiple alignments of the nucleotide and derived amino acid sequences of the N and NSs ORFs and proteins, respectively, of all viruses were performed using the region alignment algorithm found in the GENALIGN program of the Intelligenetics Suite software package. Minor visual adjustments were made in all alignments prior to phylogenetic analyses.
Fitch-Margoliash (FM) phylogenetic analyses (Fitch & Margoliash, 1967) were carried out using programs of the PHYLIP 3.5c package (Felsenstein, 1993) . Distance matrices for nucleotide sequence data 
* Genome-complementary sense. t Prototype strain. $ GenBank locus name given instead of strain designation. § 5' terminal 28 nucleotides were obscured by primer 28C sequence and were not determined. II 3' terminal 28 nucleotides were obscured by primer 28C sequence and were not determined.
were calculated for aligned sequences using the Kimura two-parameter model with a transition/transversion ratio of 1.0. Trees were generated from distance matrices using the FITCH program of PHYLIP with global rearrangements and randomized input order. Bootstrap sampling (Felsenstein, 1985) was carried out on 1000 replicate data sets. Maximum parsimony (MP) analyses were carried out using Phylogenetic Analysis Using Parsimony (PAUP) version 3.1.1 (Swofford, 1991) using the heuristic search option. Bootstrap sampling was performed using 1000 heuristic search replicates.
Character state and codon position changes. A cladogram based upon the topology of the phylogram generated by FM analysis was constructed using MacClade version 3 (Maddison & Maddison, 1992) for aligned nucleotide sequences of the 12 CAL serogroup viruses and strains. The number of nucleotide substitutions at each N and NSs ORF codon position was inferred for the cladogram using the chart character steps option of MacClade.
Results

s RNA sequences
The complete sequences of five CAL serogroup bunyavirus S RNAs and nearly complete sequences of three others were determined in this study and deposited in the GenBank sequence database. Sequence heterogeneity was detected in the MEL and TVT S RNAs when PCR products were sequenced directly and confirmed by the presence of different bases in multiple PCR product clones. MEL nt 839 (genome-complementary sense) was determined to be either an A or C and nt876 was determined to be either C or T. TVT nt 11 was determined to be either a C or T.
CAL serogroup bunyavirus S RNA sequences are summarized in Table 2 . S RNA lengths determined in this study ranged from 965 nt for KEY virus to 991 for JC and JS viruses. Limited variation in the length of the 5' non-coding regions (NCRs) was observed (range 71 to 78 bases) which was similar to the lengths reported for LAC, SSH and LUM S RNAs. The length of the 3' NCR was more variable, ranging from 182 nt in KEY virus to 211 nt in JC and JS viruses, and was similar to the size of SSH and LAC 3' NCRs but far shorter than the 291 nt 3' NCR of LUM. All CAL serogroup bunyaviruses N ORFS determined thus far are 708 nt in length whereas the NSs ORF is either 279 nt (JC, JS, KEY, LAC and SSH) or 294 nt (CE, MEL, TVT and LUM) long. The N ORF of KEY and TVT viruses ended with opal termination codons, as in LUM virus, rather than an ochre termination codon which is found in the other S RNAs. All NSs ORFs began with two methionine codons and ended with an opal terminator codon.
The two previously reported S RNA sequences for LAC virus (BLCSRNA and BLCNCNP) differed in length due to a three nucleotide deletion in the 3' NCR of sequence BLCNCNP and exhibited 12 nucleotide substitutions. In this study, the two CE virus S RNAs were determined to be of the same length (978 nt) and differed at l0 nucleotides. S RNAs of the two JC virus strains (DAV28 and 61V2235) were both 991 nt long and contained eight nucleotide substitutions. The JS-BFS4474 S RNA was also 991 nt long and differed from 61V2235 and DAV28 S RNAs at 49 and 44 bases, respectively. BFS4474 S RNA also contained a one nucleotide deletion and a one nucleotide insertion in the 3' NCR of the S RNA when compared to the JC S RNAs. JS virus is considered to be a variety of JC virus (Karabatsos, 1985) .
Heterogeneity of terminal sequences
Terminal sequences obtained from clones of PCRamplified, G-tailed cDNAs of positive-and negativesense virus RNA exhibited heterogeneity, especially at the 5' end (genome-cornplementary sense). Of the 28 clones that were derived from G-tailed, positive-sense RNA templates, 68 % exhibited the sequence AGUAG-UGUAC at nt 1 to 10. Six clones contained additional heterogeneous sequences, 3 to 23 nt in length, upstream of the A at position 1 and this extra sequence ended with GU in five of the six clones. No nucleotide conservation was observed in the remaining 5' heterogeneous sequences.
The 3' termini derived from negative-sense RNA templates displayed considerably less sequence heterogeneity than the 5' termini. Of the 29 clones sequenced, 93 % contained the sequence ACACUACU at the 3' end of the cDNA sense strand.
Comparison of CAL serogroup bunyavirus S RNA gene sequences
The N protein ORF nucleotide and derived amino acid sequences of S RNAs determined in this study were analysed along with those previously published for SSH, LAC and LUM viruses. Though considered to be a member of the CAL serogroup by Calisher & Karabatsos (1988) , GRO virus was omitted from these analyses examining only CAL serogroup viruses because its S RNA exhibits greater identity with BUN serogroup (a) 
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[hI [[6[[II~IIIIIIIII[[[~I[[6[[I[[[~ZIIIII6III[I[I&[[[I[I[&[I[I[IIIA[[* viruses (Bowen, 1993; Dunn et al., 1994) . The nucleotide sequences of the N protein ORFs of all CAL serogroup bunyaviruses were aligned without gaps, as were the 235 amino acid gene products encoded by each N ORF. The percentage N ORF nucleotide sequence identity amongst the CAL serogroup bunyaviruses ranged from more than 70 % to nearly 100 % and deduced amino acid sequence identity had similar values (Table 3) . When different strains of the same virus (i.e. CE strains BFS283 and E6071, JC strains 61V2235 and DAV28, LAC sequences BLCSRNA and BLCNCNP) were compared, N ORF nucleotide sequences varied by 1.1% or less and amino acid sequences were completely conserved. TVT virus exhibited the lowest degree of N ORF sequence identity with the other CAL serogroup bunyaviruses. JS exhibited greater than 95 % nucleotide and 98 % amino acid identity with the N ORFs of JC strains. SSH, which is considered to be a variety of LAC (Calisher & Karabatsos, 1988) , exhibited approximately 90 % nucleotide and amino acid identity with LAC strains.
The NSs ORFs of CAL serogroup bunyaviruses encoded either a 92 (KEY, JC, JS, LAC, SSH) or 97 (CE, MEL, TVT, LUM) amino acid gene product. These length differences resulted from variations in the position of the NSs ORF stop codon. NSs ORF nucleotide and amino acid sequences of all CAL serogroup bunyaviruses were aligned without gaps by truncating the longer sequence (if applicable) to match the length of the shorter sequence.
NSs ORF nucleotide sequences of CAL serogroup bunyaviruses were slightly less variable than N ORF sequences and ranged from about 80 to nearly 100 % identity (Table 4 ). As seen in N ORF nucleotide sequences, the highest degree of identity was observed when different strains of the same virus were compared. JS NSs ORF was nearly identical to JC NSs ORFs. SSH exhibited slightly less than 94 % identity with LAC NSs ORF nucleotide sequences. Identities amongst NSs protein amino acid sequences ranged from 61-9 to 100 %, with MEL and TVT sequences exhibiting the greatest disparity. Unlike N protein amino acid sequences, some divergence of the NSs protein amino acid sequence was observed amongst different strains of the same virus. Complete identity was only observed between the NSs protein sequences of JS virus and JC virus strain 61V2235.
Alignment of N protein amino acid sequences (Fig.  1 a) 
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111 which produced the vanant position of the NSs ORF termination codon represented third position base changes in the overlapping N ORF reading frame, thus conserving the N protein amino acid sequence. Alignment of CAL serogroup bunyavirus NSs protein amino acid sequences (Fig. 1 b) revealed that 38 amino acid residues are conserved amongst all CAL serogroup bunyavirus NSs proteins. Several regions (residues 1 to 4, 6 to 12, 14 to 16, 33 to 37, 61 to 65, 67 to 71, 74 to 76, 78 to 86) showed complete or nearly complete amino acid conservation amongst all viruses.
S RNA NCRs
A notable feature of CAL serogroup bunyavirus genome segments is that the terminal RNA sequences are complementary and highly conserved within the genus Bunyavirus Akashi & Bishop, 1983; Eshita & Bishop, 1984; Grady et al., 1987; Elliott et al., 1991) . Predicted secondary structure analyses of the S RNA terminal sequences of CE, JC and TVT (Fig. 2) showed that the terminal 27 nucleotides of each S RNA (virus genomic sense) were capable of base pairing with only two mismatches. A non-canonical base pairing (U-G) was found in each S RNA at position 9. The 1 lth residue from the 3' end of the TVT S RNA existed as an A or G (represented by R in Fig. 2 ) and was capable of basepairing with the U in the 5' end sequence as either base in a canonical (A-U) or non-canonical (G-U) manner. Conservation of terminal sequences was observed when the CAL serogroup bunyvirus S RNA sequences were aligned. The first 33 Y-terminal nucleotides of the S RNA sequence (genome-complementary sense) were highly conserved amongst all CAL serogroup bunya- viruses (Fig. 3 a) . The 22 nucleotides at the 3' terminus were completely conserved within the serogroup (Fig.  3b) . A purine-rich, 26 nucleotide area in the 3' NCR (genome-complementary sense) was also highly conserved (Fig. 3 c) . The Y NCR of LUM virus contains two copies of this motif that are separated by 79 nt (Dunn et al., 1994) . This sequence was completely conserved in all CAL serogroup bunyavirus S RNAs except LAC sequence BLCNCNP and the first site of LUM, each of which displayed two nucleotide substitutions in this area. The NCRs lying between the 5' terminus and the N protein ORF and between the Y end of the N ORF and the purine-rich sequence were the least conserved areas of the S RNA and varied in length. Almost all nucleotide deletions and insertions within the S RNAs of different strains of the same virus or closely related viruses were restricted to these areas.
Phylogenetic analyses of N ORF sequences
Phylogenetic analyses were carried out using all available Bunyavirus N ORF sequences so that the position of the ancestral node within the CAL serogroup virus lineage could be inferred with greater confidence. (Calisher & Karabatsos, 1988 ) is indicated by brackets.
LAC, SSH and LUM viruses were aligned without gaps. The N ORF sequence of Aino virus was aligned with CAL serogroup N ORF sequences by deleting the first three bases of the Aino N ORF, introducing a six base gap after N ORF nt 314 and adding a three base gap at the end of the sequence. All nine BUN serogroup N ORF sequences, which were 702 nucleotides in length, were aligned with CAL serogroup and Aino N ORF sequences by inserting gaps, three bases in length, after N ORF nt 421 and at the end of each BUN serogroup N ORF sequence.
A phylogram was generated by FM analysis from the 12 CAL serogroup sequences, nine BUN serogroup sequences and Aino virus of the Simbu serogroup, which was used as an outgroup to root the tree (Fig. 4) . Viruses clustered into three monophyletic lineages corresponding to their respective serogroup (Calisher & Karabatsos, 1988 ; indicated by brackets in Fig. 4) . Aino virus outgroup was the sole member of one clade (monophyletic lineage), the assumed outgroup status of which was supported by the large distance that separates it from all other viruses in this analysis. The largest clade contained the CAL serogroup viruses which, in turn, split into three monophyletic lineages. The first clade contained JS, JC, KEY and MEL viruses, all members of the MEL complex (Calisher & Karabatsos, 1988) . The MEL clade in turn trifurcated into three lineages occupied by MEL virus, KEY virus and JC/JS viruses, respectively. The low degree of bootstrap support for the inner branch connecting the MEL and KEY branches (51%) indicated that the order of descent of these two viruses within the MEL clade was not fully resolved by this analysis. The second clade, which was a sister group to the MEL clade, included viruses in the CE complex: CE, LUM, LAC and SSH (Calisher & Karabatsos, 1988) . The CE clade consisted of three major lineages, one containing LUM virus (which occupies the most ancestral position in the clade), a second containing the two CE virus strains and the third occupied by LAC and SSH viruses. TVT virus occupied a third distinct lineage that was ancestral to the monophyletic group that contains the MEL and CE clades. Placement of TVT virus in a distinct lineage by phylogenetic analysis correlates with its assignment by serological classification into a separate monotypic complex within the CAL serogroup (Calisher & Karabatsos, 1988) . Viruses classified as ~ varieties' by the PRNT method (JC and JS, LAC and SSH) were monophyletic and closely related but occupied distinct lineages separated by short internal branches. Different virus strains identified serologically as the same virus (i.e. LAC sequences BLCNCNP and BLCSRNA, CE strains BFS238 and E6071, JC strains 61V2235 and DAV28) were found to be sister taxa with short terminal branches. All inner branches within the When the same data set was analysed by MP analysis, a single most parsimonious tree was produced that was very similar in topology to the FM tree (data not shown). Differences between the MP and FM trees were limited to branches that were weakly supported by bootstrap analysis (i.e. less than 54% bootstrap support in either analysis).
Nucleotide change rates in each codon position
A cladogram was constructed for TVT, JS, JC, KEY, MEL, CE, LUM, LAC and SSH viruses corresponding to the topology of the N ORF tree without the BUN serogroup viruses and Aino virus. The cladogram and corresponding sequence data set were then used to examine the frequency of substitutions at each codon position in different regions of the N ORF (Fig. 5) . The 15 nucleotide region from nt 299 to 313 of the N ORF, which is present in the NSs ORFs of LUM, CE, MEL and TVT viruses but not in those of JC, JS, KEY, LAC or SSH viruses, was omitted from the analysis except in the case where the entire N ORF sequence was examined. The analysis demonstrated that third position base substitutions predominate in the N ORF and the average third position base substitution rate in the region of the N ORF outside NSs ORF was higher than the average third position substitution rate throughout the entire N ORF. Within the region of the N ORF that is inside the NSs ORF, however, the third position base substitution rate was greatly reduced, dropping to less than 1.0 substitution per position from more than 2.5 substitutions per position in the region of the N ORF that lies outside the NSs ORF. A different substitution frequency distribution was seen in the NSs ORF where the highest base substitution frequency occurred at second position bases (an average of 1-0 substitution per base) which was more than twice the rate observed at first and third position bases. In all cases, average first position base change frequencies were relatively low as were average second position base substitutions throughout the N ORF.
Discussion
This study represents the first comparative analysis of CAL serogroup bunyavirus genomic sequences that has examined more than three viruses. S RNA sequences were determined for two strains of the same virus (i.e. CE strains BFS283 and E6071, JC strains 61V2235 and DAV28), closely antigenically related viruses (i.e. JC and JS) as well as more distantly related members of the three complexes within the serogroup. Comparisons of S RNA sequence data generated in this study permitted identification of conserved genomic and protein sequences of potential functional or structural importance.
CAL serogroup bunyavirus phylogeny inferred from N ORF sequences indicates that the group is evolving in three lineages which corresponds with the current serological classification. Viruses found within each of the three complexes established by PRNT and HI assays cluster within the three distinct clades derived by phylogenetic analyses. Since PRNT and HI assays recognize epitopes of envelope glycoproteins encoded by the M RNA rather than the S RNA, the S and M genomic segments of viruses analysed in this study have apparently co-segregated during virus evolution. The position of TVT virus in phylogenetic trees derived from N ORF nucleotide sequences shows that TVT virus most closely resembles the progenitor virus fi'om which CAL serogroup bunyaviruses evolved.
Since the tripartite nature of the CAL serogroup bunyavirus genome provides the potential for genomic reassortment between members (Pringle, 1991) , phylogenetic analyses of sequence from all three genomic segments would be necessary to identify viruses that are the progeny of reassortment events. Variations due to genomic reassortment in topology of phylogenetic trees inferred from different genes has been demonstrated in the segmented genome of influenza virus (Webster et al., 1992) . Genomic reassortment is thought to have occurred during the evolution of several BUN serogroup viruses and GRO virus, the taxonomic status of which is still unresolved (Dunn et al., 1994) . Extension of these analyses to other parts of the bunyavirus genome will allow identification of reassortants and may determine the order of descent of KEY and MEL viruses within the MEL clade, which was not resolved fully by N ORF analysis.
Although the size of the N ORF and the N protein of all CAL serogroup bunyaviruses were uniform, the NSs ORF and its deduced gene product had two lengths. BUN serogroup viruses also exhibit variation in the length of the NSs ORF (Elliott, 1989b; Dunn et al., 1994) . The trend in bunyavirus evolution is towards a smaller NSs ORF. The bunyavirus phylogeny inferred using N ORF sequences (Fig. 4) (Dunn et aL, 1994) . Shortening of the GRO NSs ORF probably represents a homoplastic event in the evolution of BUN serogroup viruses. Therefore, in both serogroups the C-terminal amino acids present in the longer version of the NSs protein are apparently dispensable and convergent shortening of the protein has occurred. A shorter NSs protein may present an evolutionary advantage because it would free additional N ORF codons from the constraints involved in encoding both the N and NSs proteins.
The NSs proteins of CAL serogroup bunyaviruses display greater divergence than N proteins. Estimations of rates of accumulation of nucleotide substitutions in the N and NSs ORFs suggested that the faster NSs evolution is driven by the high average frequency of accumulation of substitutions in the second codon position of the NSs ORF, which corresponds to the third codon position in the N ORF. This predominance of second position substitutions in the NSs ORF accounts for the lower degree of identity between NSs protein amino acid sequences compared to their corresponding nucleic acid sequences. Third codon position bases in the N ORF are highly constrained in the region where the two genes overlap.
N protein alignment revealed several regions of complete or nearly complete amino acid sequence conservation within the CAL serogroup bunyaviruses. Since the N protein is the major protein component of nucleocapsids, these regions represent possible functional domains which play a role in N protein interactions with L protein, virus RNA or other N protein molecules (Akashi et al., 1984) and may contain the epitopes that react with complement-fixing antibodies. Alignment of NSs proteins also reveals many highly conserved regions that represent potential functional domains. Expression of both of these proteins by recombinant vaccinia virus vectors (Jin & Elliott, 199l) would allow characterization of functional domains through mutational analysis as well as determination of the function of the NSs protein, which is currently unknown.
The cDNA G-tailing PCR technique used in this study permitted determination of S RNA terminal sequence. Variation observed in the terminal sequences, particularly at the 5' terminus (genome-complementary sense), has been described in studies of BUN virus S RNA transcription and replication using a recombinant virus L protein (Jin & Elliott, 1993) . Over 60 % of the S RNAs obtained from BUN virus nucleocapsids and 100% of the unencapsidated BUN virus RNA isolated from infected cells displayed additional non-virus sequence at the 5' terminus, ranging from 1 to 18 nucleotides in length. Almost all the non-virus sequences reported in the BUN virus study ended with GU residues, as observed in five out of six of the heterogeneous sequences reported in this study. The L protein of bunyaviruses is thought to cleave the 5' cap and proximal 10 to 18 nucleotides from cellular mRNAs and use these oligonucleotides to prime transcription of mRNAs (Kolakofsky & Hacker, 1991) . SSH, LAC and GER mRNAs all contain heterogeneous sequences at their 5' ends Patterson & Kolakofsky, 1984; Eshita et al., 1985; Bouloy et al., 1990) as does an unencapsidated genome-length S RNA produced at low levels in LAC virus infections (Raju & Kolakofsky, 1987) . The heterogeneous 5' sequence detected in some clones in this study probably represents sequence amplified from this latter RNA species since the oligonucleotide (282V) used to prime cDNA synthesis from genome-complementary sense templates anneals to a region that lies downstream of the 3' end of SSH and LAC S mRNAs (Patterson & Kolakofsky, 1984; Eshita et al., 1985) . However, the possibility that the 5' sequence heterogeneity is an artifact of the G-tailing technique, especially in cases of the single nucleotide additions observed in two clones, cannot be completely ruled out. Heterogeneity of 3'-terminal sequence (genome-complementary sense) which was observed in less than 7 % of 3' end clones in this study was reported in 50 % of the sequences obtained from BUN nucleocapsids and over 80 % of the unencapsidated BUN virus RNAs (Jin & Elliott, 1993) .
Bunyavirus genomes are characterized by conservation of termini that are complementary in sequence and believed to base-pair within nucleocapsids . The potential non-canonical U-G base pair formed by hydrogen bonding of the ninth base from the 3' and 5' ends was maintained in all CAL serogroup bunyavirus S RNAs (for which 3' and 5' sequence is available) as well as the M RNA of SSH virus (Eshita & Bishop, 1984) and the M and L RNAs of LAC virus (Obijeski et al., 1980; Grady et al., 1987; Hacker et al., 1990) . Since this base pair is maintained in favour of substitutions in either nucleotide that would result in canonical base-pairing with a greater change in free energy, it must be of functional significance. Of special interest in this regard is that a conserved U-G base pair has been reported in the 5' splice duplex of Tetrahymena group I introns (Barfod & Cech, 1989) . In this system, substitution of a C-G for the conserved U-G base pair resulted in greatly diminished splicing activity. The function of this non-canonical base pair in bunyaviruses remains to be determined.
The function of the purine-rich, 26 nucleotide area in the 3' NCR remains to be determined. This region corresponds to a nearly identical region in the 3' NCRs of SSH and LAC M RNAs (Eshita & Bishop, 1984; Grady et al., 1987) and in the S RNA 3' NCRs of BUN serogroup virus S RNAs (Dunn et al., 1994) . The LAC L RNA 3' NCR lacks this sequence though there is a short G-rich region just downstream of the L mRNA termination point (Hacker et al., 1990) . It previously has been speculated that this region may play a role in transcriptional termination because of its proximity to known N/NSs mRNA termination sites (Dunn et al., 1994) . This region also may function as a N protein binding domain. Characterization of functional regions in S RNA genomes will require development of methods for producing recombinant bunyaviruses that can be analysed by site-directed mutagenesis. Such methodology is essential for furthering our understanding of bunyavirus biology.
